Abstract Human neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis have been termed "protein misfolding disorders." Upregulation of heat shock proteins that target misfolded aggregation-prone proteins has been proposed as a potential therapeutic strategy to counter neurodegenerative disorders. The heat shock protein 70 (HSP70) family is well characterized for its cytoprotective effects against cell death and has been implicated in neuroprotection by overexpression studies. HSP70 family members exhibit sequence and structural conservation. The significance of the multiplicity of HSP70 proteins is unknown. In this study, coimmunoprecipitation was employed to determine if association of HSP70 family members occurs, including Hsp70B′ which is present in the human genome but not in mouse and rat. Heteromeric complexes of Hsp70B′, Hsp70, and Hsc70 were detected in differentiated human SH-SY5Y neuronal cells. Hsp70B′ also formed complexes with Hsp40 suggesting a common co-chaperone for HSP70 family members.
Introduction
Manipulation of the cellular stress response involving induction of heat shock proteins (Hsps) in differentiated neurons offers a potential therapeutic strategy to counter conformational changes in neuronal proteins that trigger pathogenic cascades resulting in human neurodegenerative disorders (Selkoe 2004; Brown 2007; Haass and Selkoe 2007; Asea and Brown 2008; Brown 2008 ). Alzheimer's disease, Parkinson's disease and amyotrophic lateral sclerosis (ALS) have been termed "protein misfolding disorders." Hsps are protein repair agents that provide a line of defense against misfolded, aggregation-prone proteins. The HSP70 family is well characterized for its cytoprotective effects against cell death and has previously been implicated as having neuroprotective capability in overexpression studies (Jana et al. 2000; Auluck et al. 2002; Karunanithi et al. 2002; Magrane et al. 2004; Patel et al. 2005; Rujano et al. 2007 ).
HSP70 is a multigene family composed of constitutively expressed members such as Hsc70 (HSPA8) and stress-inducible members such as Hsp70 (HSPA1A) and Hsp70B′ (HSPA6; Tavaria et al. 1996; Daugaard et al. 2007; Kampinga et al. 2009 ). Interestingly, the human genome includes stress-inducible Hsp70B′ that is not found in the mouse and rat genomes and hence, is not present as a potential beneficial factor in animal models of neurodegenerative diseases to combat misfolded proteins (Parsian et al. 2000; Chow and Brown 2007; Noonan et al. 2007a) . Although stress-inducible Hsp70B′ and Hsp70 share 84% sequence homology, differences in the substrate-binding pocket and activation profiles may confer Hsp70B′ with distinct cellular roles (Noonan et al. 2007a; Hageman and Kampinga 2009 ). Hsp70B′ has previously been examined in human colon cells (Noonan et al. 2007a, b; Noonan et al. 2008a, b) . Other than our work (Chow and Brown 2007 ), Hsp70B′ has not received attention in the field of human neurodegenerative diseases.
The significance of the multiplicity of HSP70 proteins is unknown. We have employed co-immunoprecipitation (Co-IP) to determine if association of HSP70 family members occurs, including Hsp70B′. After stringent tests of antibody specificity, heteromeric complexes of HSP70 family members were detected in differentiated human neuronal cells. We also show that Hsp70B′ forms complexes with Hsp40 suggesting a common cochaperone for HSP70 family members. Formation of heteromeric complexes of HSP70 family members could be a potential mechanism for regulatory control of HSP70 specificity in neuronal cells. Human SH-SY5Y neuronal cells were selected for the present study because they have been widely used as a model system for neurodegenerative diseases such as Alzheimer's disease (Bandyopadhyay et al. 2006; Bate et al. 2006; Westmark et al. 2006 ) and Parkinson's disease (Ho et al. 2006; Inden et al. 2006 ).
Materials and methods

Cell culture and neuronal cell differentiation
The human SH-SY5Y neuronal cell line (American Type Culture Collection, Manassas, VA) was maintained in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum. Cultures were maintained at 37ºC in a humidified 5% CO 2 atmosphere. After plating and allowing for cell adhesion for 24 h, neuronal differentiation was induced by treatment with 10 µM of all-trans-retinoic acid at 37ºC for 72 h under serum-free conditions (Chow and Brown 2007) .
Treatment of cells
All experiments were performed on differentiated neuronal cell cultures plated at a cell density of 4×10 4 cells per square centimeter. Heat shock was performed by immersion of culture dishes in a circulating water bath calibrated to the required temperature 43±0.1ºC for 10 or 20 min before returning to incubation at 37ºC until harvest at specific time points. Celastrol was obtained from Gaia Chemical Corporation (Gaylordsville, CT) and dissolved in dimethyl sulfoxide (DMSO) as the vehicle (Chow and Brown 2007) .
Western blotting analysis
At specific time points, cells were harvested, and samples containing 30 µg of protein per lane were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 4% stacking gel and 12% resolving gel, and transferred to nitrocellulose membranes. After blocking for 1 h with 5% skim milk powder in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4), blots were incubated overnight at 4ºC with primary antibodies. cells) treated with DMSO or 0.75 μM of celastrol for 24 h were homogenized in 200 μl of lysis buffer (20 mM Tris pH 7.4, 20 mM KCl, 2 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT) in the presence of a protease inhibitor cocktail (Roche Diagnostics, Mississauga, ON, Canada). Coimmunoprecipitation was performed with magnetic Dynabeads preconjugated to secondary antibodies (Dynal Biotech, Lake Success, NY) bypassing the use of traditional protein A or G cross-linked to agarose beads that yields a high background signal due to nonspecific binding of Hsps to agarose beads. Dynabeads preconjugated with secondary antibodies of either sheep anti-mouse immunoglobulin (IgG), sheep anti-rat IgG, or sheep anti-rabbit IgG were washed in 1% bovine serum albumin (BSA) in PBS before complexing with the indicated primary antibodies by incubation for 2 h at 4ºC with slow rotation. The following primary antibodies were used: Hsp70B′ (SPA-754, Stressgen); Hsp70 (SPA-810, Stressgen); Hsc70 (SPA-815, Stressgen); YFP (ab1218, Abcam). Dynabead-antibody complexes were then washed with 1% BSA in PBS prior to incubation with cell lysates for 6 h at 4ºC with slow rotation. After three washes with PBS, Dynabeads were separated from protein complexes by boiling in Laemmli buffer followed by their removal using a magnetic con-centrator. The solubilized protein samples were subjected to Western blotting analysis. Data representative of four experimental repeats are shown.
Generation of YFP-Hsp70 fusion construct and stable cell line
A YFP-Hsp70 construct was generated by in-frame insertion of a wild-type human Hsp70 transgene (Chow et al. 2009 
Results
Induction of Hsp70B′ and Hsp70 in differentiated human neuronal cells
Upregulation of Hsps could alleviate neurodegenerative diseases by modulating protein misfolding in affected neurons (Selkoe 2004; Brown 2007; Haass and Selkoe 2007; Asea and Brown 2008; Brown 2008) . This has led to a quest for pharmacological agents that can induce Hsps in differentiated neurons as a potential therapeutic approach for combating neurodegenerative diseases that have been termed "protein misfolding disorders" (Westerheide et al. 2004; Brown 2007; Chow and Brown 2007; Brown 2008) . As shown in Fig. 1 , conventional heat shock (43ºC for 10 min) results in a weak, transient induction of Hsp70 in differentiated human SH-SY5Y neuronal cells grown in tissue culture. Increasing the severity of the heat shock (43ºC for 20 min) did not alter this (data not shown). These observations are in agreement with previous reports showing that differentiated neurons in both in vivo and in vitro systems are refractory to Hsp induction following conventional heat shock (Manzerra et al. 1993; Foster et al. 1995; Dwyer et al. 1996; Hatayama et al. 1997; Batulan et al. 2003) . However, treatment with celastrol triggered a robust and sustained Hsp70 induction at a dosage of 0.75 µM that does not affect neuronal viability (Chow and Brown 2007) . Celastrol also induced a robust and sustained induction of Hsp70B′, whereas it was not detected following conventional heat shock (Fig. 1) . Celastrol was therefore employed as an inducer of Hsps in subsequent coimmunoprecipitation experiments to determine if HSP70 family members form heteromeric complexes in differentiated human neuronal cells. Constitutively expressed Hsc70 was detected, and the signal showed little change following either celastrol treatment or conventional heat shock (Fig. 1) .
Specificity of antibodies for HSP70 family proteins
The HSP70 family is highly conserved, and Hsp70B′, Hsp70, and Hsc70 exhibit high sequence and structural homology (Daugaard et al. 2007 ). As shown in Fig. 2a , the antibodies employed to detect Hsp70B′ and Hsc70 are highly specific and did not cross-react with either Hsp70 and Hsc70 or Hsp70B′ and Hsp70, respectively. Screening of several commercially available Hsp70 antibodies revealed crossreactivity to 3096) or no detectable signal (ab45133, 554243; Fig. 2b ). The commonly used Hsp70 antibody, SPA-810, did not cross-react to Hsc70, however, cross-reactivity to Hsp70B′ was observed. Co-IP was employed to determine if HSP70 family members form complexes in differentiated human neuronal cells treated with the Hsp70/Hsp70B′ inducer celastrol as described in Fig. 1 . Co-IP analysis using the Hsp70B′-specific antibody demonstrated complex formation of Hsp70B′ protein with both Hsp70 and Hsc70 in samples derived from celastrol-treated cells that induced Hsp70B′ and Hsp70, but not in control cells treated with DMSO, the celastrol vehicle (Fig. 3a) .
In support of this observation, Co-IP with the Hsc70-specific antibody revealed complex formation of Hsc70 with both Hsp70B′ and Hsp70 in celastrol-treated cells but not in control cells (Fig. 3b) . Self-immunoprecipitation with anti-Hsc70 antibody detected the constitutively expressed Hsc70 protein in both celastrol-treated and control cells. Fig. 3c suggests that Hsp70 formed complexes with Hsp70B′ and Hsc70. 
Coimmunoprecipitation analysis with YFP-Hsp70 fusion protein
The antibody specificity tests shown in Fig. 2b demonstrated cross-reactivity of the commonly used Hsp70 antibody (SPA-810) to Hsp70B′ that might be amplified by the concentrating effect of co-immunoprecipitation. We therefore generated a stable neuronal cell line expressing a YFP fusion construct of the Hsp70 protein (YFP-Hsp70). The objective was to bypass the specificity issue of the SPA-810 Hsp70 antibody by use of a YFP-specific antibody for Co-IP analysis to pull down YFP-Hsp70. The YFP-Hsp70 fusion protein was detected in the stably transfected neuronal cell line and can be distinguished from celastrol-induced Hsp70 by specific detection with the YFP antibody and by its higher molecular weight (Fig. 4a) .
Immunodetection with the YFP antibody demonstrated successful pull-down of the YFP-Hsp70 fusion protein (Fig. 4b) . Analysis of YFP-Hsp70 pull-down products showed the association of YFP-Hsp70 with both Hsp70B′ and Hsc70. This indicates that Hsp70 forms complexes with Hsp70B′ and Hsc70 in differentiated human neuronal cells.
Association of Hsp70B′ with Hsp40
Hsp40 has been shown to interact with HSP70 family proteins as a co-chaperone (Fan et al. 2003; Hennessy et al. 2005) . However, it is not known if this is the case for Hsp70B′ which is present in the human but not in the mouse or rat genomes. As shown in Fig. 5a , Hsp40 was detected in differentiated human neuronal cells. Co-IP revealed that Hsp70B′ formed complex with Hsp40 (Fig. 5b) .
Discussion
The HSP70 family of heat shock (stress) proteins has been well characterized for its roles in protein homeostasis, cytoprotection, and cellular signaling (Arya et al. 2007; Morano 2007; Meimaridou et al. 2009 ). Interestingly, eukaryotes exhibit multiple genes that encode a family of HSP70 family proteins that are highly conserved in sequence and structure (Daugaard et al. 2007 ). In human, the HSP70 protein family is comprised of constitutively expressed members (Hsc70) and stress-inducible members (Hsp70), including Hsp70B′ that is not found in the mouse and rat genomes (Daugaard et al. 2007; Kampinga et al. 2009 ). The significance of this multiplicity of HSP70 proteins is unknown.
HSP70 family members including Hsp70, Hsc70, and the endoplasmic reticulum member BiP have been shown to self-associate (Freiden et al. 1992; Benaroudj et al. 1995; Wei et al. 1995; Gao et al. 1996; Angelidis et al. 1999; Nemoto et al. 2006) . In the present report, we demonstrate that Hsp70B′, Hsp70, and Hsc70 form heteromeric complexes in differentiated human neuronal cells. Association of HSP70 family members has been noted in non-neural cells using the commonly used anti- Hsp70 antibody SPA-810 Noonan et al. 2008a ). Screening of the SPA-810 antibody showed cross-reactivity to Hsp70B′. A YFP-Hsp70 fusion protein was therefore employed to demonstrate that Hsp70B′, Hsp70, and Hsc70 form heteromeric complexes in differentiated human neuronal cells.
HSP70 multiplicity has generally been presumed to serve the purpose of increasing the copy number of HSP70 proteins with similar functions (Angelidis et al. 1999) . However, a different picture of HSP70 family diversity and specificity is emerging (Daugaard et al. 2007; Vos et al. 2008) . For example, Hsp70 and Hsc70 differ in their ability to interact with lipids, with Hsc70 being more effective in promoting liposome aggregation (Arispe et al. 2002) . Hsp70 demonstrates an enhanced ability to associate with immunogenic peptides compared to Hsc70 (Callahan et al. 2002) . Colocalization with actin microfilament under physiological growth conditions is observed for Hsp70, but not for Hsc70, in mouse mesoangioblast cells (Turturici et al. 2008) . Although little is known about Hsp70B′, recent work in human colon cells has shown that the inhibition of either Hsp70B′ or Hsp70 induction by small interfering RNA renders cells sensitive to stress, suggesting that both proteins play indispensable roles in the protection of cells against stress-induced cell death (Noonan et al. 2007a ). These observations support the suggestion that HSP70 multiplicity does not solely serve the purpose of increasing HSP70 copy number but could contribute to functional diversity of HSP70 proteins (Daugaard et al. 2007; Vos et al. 2008) .
Structural studies to pinpoint the region involved in selfassociation have focused on Hsc70 (Angelidis et al. 1999; Fouchaq et al. 1999; Chou et al. 2003; Nemoto et al. 2006; Amor-Mahjoub et al. 2007 ). The regions essential for selfassociation of Hsc70 were found to be the conserved hydrophobic residues within the interdomain linker region and the helices at the end of the C terminus (AmorMahjoub et al. 2007 ). Comparing the amino acid sequence of human Hsp70B′, Hsp70, and Hsc70, the highest sequence diversity exists in the last 110 amino acids of the C terminus. Differences in the patterns of selfassociation of Hsc70 and Hsp70 have been reported, with Hsc70 having a tendency to remain self-associated under both resting and heat shock conditions, while Hsp70 alters its self-association pattern after heat stress (Angelidis et al. 1999) . Formation of heteromeric complexes of HSP70 proteins could add an additional level of regulatory control of HSP70 function that is based on the multiplicity of HSP70 proteins. Yeast HSP70 family members utilize multiplicity of HSP70 proteins for task delegation. The yeast Ssa subfamily of HSP70 proteins focuses on broad spectrum protein folding, while the yeast Ssb family interacts with a more specific subset of targets (Boorstein et al. 1994; Craig et al. 1994) .
Recently, Hsp110 and Grp170 have been grouped within the HSP70 family and termed "atypical" HSP70 family members (Shaner and Morano 2007) . These "atypical" HSP70 members share identical structural domains with typical HSP70 family proteins but exhibit a longer Cterminal loop linking the β-sandwich and the α-helical lid within the substrate binding domain. In support of the suggestion that heteromeric complex formation of HSP70 proteins is a potential mechanism for regulatory control of HSP70 function, it has been shown that "atypical" HSP70 members function as nucleotide exchange factors regulating HSP70 chaperone function (Morano 2007; Shaner and Morano 2007) .
Interestingly, HSP70 heteromeric complex formation is not restricted to inducible members. Our present results indicate that a constitutive member of the HSP70 family, Hsc70, forms heteromeric complexes with stress-inducible members such as Hsp70B′ and Hsp70. This suggests that constitutively expressed Hsc70 is a player in the neuronal stress response, rather than solely serving housekeeping functions under non-stress conditions. We have previously reported high levels of constitutively expressed Hsc70 in the mammalian nervous system (Manzerra et al. 1997) , and have proposed that neurons may utilize constitutively expressed Hsc70 as a "pre-protection" mechanism for defense against misfolded proteins triggered by stress or associated with neurodegenerative diseases (Chen and Brown 2007a, b) . Here, we provide experimental evidence that constitutively expressed Hsc70 associates with stress-inducible Hsp70B′ and Hsp70 following the induction of stress-inducible HSP70 members. This supports our suggestion that constitutive and stress-inducible Hsps play cooperative roles in the neuronal stress response and neuroprotective mechanisms.
The future direction of our work will be to investigate the functional roles of heteromeric complexes of HSP70 family members. Additional techniques, including native gel electrophoresis, will be employed to further our understanding of the interaction of HSP70 family proteins in differentiated human neuronal cells.
Human neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, and ALS have been termed "protein misfolding disorders." Upregulation of Hsps has been proposed as a potential therapeutic strategy to counter conformational changes in neuronal proteins that trigger pathogenic cascades resulting in neurodegenerative disorders (Selkoe 2004; Muchowski and Wacker 2005; Brown 2007; Haass and Selkoe 2007; Asea and Brown 2008; Brown 2008) . Hsps are protein repair agents that provide a line of defense against misfolded aggregation-prone proteins. This has led to a search for pharmacological agents that can induce Hsps in differentiated neurons (Westerheide et al. 2004; Brown 2007; Chow and Brown 2007; Brown 2008) . We have demonstrated that celastrol induces a set of Hsps in differentiated human neuronal cells that includes Hsp70B′ that is present in human genome but not in mouse and rat (Chow and Brown 2007) . Our present results indicate that, in contrast to conventional heat shock treatment, celastrol triggers a robust and sustained induction of Hsp70B′ and Hsp70 in differentiated human neuronal cells.
